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A B S T R A C T The mechanism by which sex steroids influence very low density hepatic lipoprotein triglyceride production has not been fully elucidated. In previous studies we showed that ['4C]oleate utilization and incorporation into triglycerides were greater in hepatocyte suspensions from adult female rats than from males. The sex differences were not related to activities of the enzymes of triglyceride biosynthesis, whereas fatty acid binding protein (FABP) concentration in liver cytosol was greater in females. These findings suggested that sex differences in lipoprotein could reflect a sex steroid influence on the availability of fatty acids for hepatocellular triglyceride biosynthesis. In the present studies, sex [14C] oleate utilization in adult cells is causal or secondary to changes in cellular fatty acid uptake effected through another mechanism. In either case, modulation of triglyceride-rich lipoprotein production by six steroids appears to be mediated to a significant extent by their effects on hepatic fatty acid utilization. INTRODUCTION Available evidence suggests that sex steroid effects on plasma lipid concentrations reflect in part parallel changes in hepatic production of triglyceride-rich, very low density lipoproteins (VLDL),' but the mechanism has not been fully elucidated. Recently, we examined the possibility that sex differences in VLDL production might be secondary to differences in hepatic fatty acid uitilization and triglyceride biosynthesis. In suspensions of isolated hepatocytes from adult rats, profound sex differences in the utilization of albuminbound [ '4C]oleate were demonstrated, characterized by greater incorporation into triglycerides, other glycerolipids, and oxidation products in female hepatocvtes than male (1, 2). These differences were not correlated with activities of enzymes in the triglyceride biosynthetic pathway, but the concentration of fatty acid binding protein (FABP) was significantly higher in liver cytosol of females. Sex differences in hepatic uptake and utilization of FFA also have been demonstrated recently in vivo (3) and in the isolated perfused rat liver (4) .
To further investigate the mechanism of these striking sex differences in FFA utilization, the present studies were designed to determine: (a) whether they could be attributed to the sex steroids, per se; (b) whether hepatic FABP concentrations were influenced by the sex steroids; and (c) whether FABP concentrations correlated with rates of FFA utilization under conditions in which the latter was varied over a range of hormonal influences.
The results show that the profound sex differences in FFA utilization between adult female and male hepatocytes are not present in cells from immature rats, are largely prevented by castration, and are reprodtuced by continuous administration of estradiol or testosterone to castrates of either sex. Among all groups of adult rats (female, male, castrated, and hormone-treated) there is a striking correlation between FFA uitilization and estimated hepatic FABP concentration. Portions of these studies have been reported in published abstracts (1, 5 (6) .
Animals. Sprague-Dawlev rats were obtained from Simonsen Laboratories (Gilroy, Calif.), and were allowed access to standard laboratory chow ad lib.
Studies of hepatocyte suspensions. Hepatocyte suspensions were prepared by modification of the method of Berry and Friend (7), as described previously (6) . Livers were perfused with Ca++-free Hanks' medium gassed with 95% oxygen, 5% C02, containing 0.05% collagenase (type I, Sigma Chemical Co.). Cells were suspended in Ca++-free, bicarbonate-free, glucose-free Hanks' with 10 mnM sodium phosphate buffer, pH 7.4, and were incubated at 37°C in a metabolic shaker in 25-ml Erlenmeyer flasks, final volume 2 ml. Incubations, carried out in triplicate for each liver, contained 3-14 mg cell protein (over which range incorporation was linear) and albumin at a final concentration of 1.5 g/dl (0.22 mM). Incubations were initiated by the addition of 1 ml of fatty acid-albumin complex to 1 ml of liver cell suspension. Under all conditions >85% of cells excluded trypan bltue at the end of the incubation, and were shown in other experiments to consume 02 and utilize oxidizable substrates normally (6) prodtuction and incorporation of ['4C]oleate into lipids and water soluble produicts wvere determined as previously described (2) .
Assay ofmicrosomal enzymes. M icrosomes were prepared from whole rat liver and were assayed for activities of long chain acyl CoA synthetase, acyl CoA: glycerol-3-phosphate acyltransferase, phosphatidate phosphohydrolase, and diglyceride acyltransferase as described (2) .
Studies of the effects of hormonal manipulation were carried out in animals castrated by standard operative techni(ques at age 30 d. Some of these animals were provided with stubcutaneouis implants of silastic tubing containing either testosterone or estradiol-17,8. Estradiol implants (containing 7.7+0.1 mg) were prepared as described by Legan et al. (8) and testosterone implants (containing 29.9±0.1 mg) as described by Cheung and Davidson (9) . Hepatocytes, or liver 105,000 g stupernate for assay of FABP (see below), were prepared fromii these castrated animals at age 60 d, i.e, after 30 d of either no hormone replacement or continuiouis estradiol or testosterone administration. There were no signiificant differences among the groups in ratios of cell numl)er to cell protein (uinpublished observations). Hormonal effect was docutmented by the greater body weights in testosterone-treated animals of both sexes (see below), by maturation of seminal vesicles in testosterone-treated males or uteri in estrogen-treated females, and by measurement of serum estradiol and testosterone concentrations in serum obtained at the time of the experiment (see below). In a separate series of experiments, hepatocytes from some animals were studied at intervals of 5-15 d after hormone implantation; in another, imlmature castrated rats were implanted with longer silastic capsules that contained five times the standard amouint of hormones indicated above (i.e., "high dose").
Radioi m mu noassay of steroid hormones. Plasma testosterone and estradiol concentrations were determined by radioimmunoassay after purification by Celite chromatography (Johns-MIanville, Filtration & Indus. NMinerals Div., Denver, Col.) (10, 11) . The testosterone radioimmunoassay employs an anti serum to testosterone-3-carboxymethyloxime-bovine serulm albumin, and the estradiol radioimmunoassay uses an antiserim to estradiol-6-carboxymethyloxime-bovine serum alburmin. All hormone concentrations were corrected for procedtural losses by an internal standard included in each samp)le. The average interassay coefficients of variation are <12 and 15%, respectively, for the testosterone and estradiol radioimmunoassavs.
Bindinig characteristics of partially purified FABP. FABP was partially purified as the 12,000-mol wt fraction of liver cytosol by Sephadex G-50 chromatography as described previously (12) , and wvas subjected to Sephadex G- 25 (12) . Characteristic elution profiles are shown in Fig. 1 , for three different amounts of added ligand. Two major 14C peaks were consistently observed. The first, corresponding to the excluded ("void") volume included residual albumin as well as other larger macromolecules and lipoproteins in the tissue supernate; this peak was just detectable at low ligand concentrations, but increased greatly as larger amounts were added. The second peak, corresponding to the elution volume of 12,000-mol wt proteins, represents FABP; this peak predominated at low ligand concentrations, but unlike the earlier peak did not increase proportionately as large amounts of ligand were added. Under all conditions, the two peaks were well separated.
The relationship between these peaks is seen in greater detail in Fig. 2 , in which the total nanomoles ['4C]oleate associated with each peak is plotted as a function of total nanomoles added in the assay. As noted above, binding to the FABP peak predominated at low ligand concentration, but as ligand concentration was increased, appearance of 14C in the void volume became dominant, and assumed a near-linear relationship to the amount of ligand added, with an approximate slope of 0.5. Simultaneously, total incremental binding to FABP decreased; the resulting curve can be resolved into two distinct components (13) : (a) a saturable process with a maximal capacity of 8 nmol; and (b) a linear, nonsaturable process with an approximate slope of 0.03.
To assess the sensitivity ofthis assay to differences in FABP concentration, cytosol was artificially enriched in FABP by adding graded amounts of the partially purified 12,000-mol wt FABP fraction. Binding of [14C]oleate by the resulting mixture was then measured. As shown in Fig. 3 , the assay was reproducibly and linearly responsive to changes in FABP concentration over a biologically significant range. Although the assay actually depends on availability of (Table II and Fig. 4 ). However, the striking sex differences in mature 60-d-old animals were principally accounted for by the marked decrease associated with maturation in the male (Fig.  4) . These sex differences also characterized hepatocytes from mature females and males of similar body weights (2 Table II , and are more readily compared for triglycerides in Fig. 5 ; in the latter, valuies for intact 30-and 60-d-old animals are shown for comparison. Certain important findings warrant emphasis. First, castration at 30 d greatly diminished the agerelated changes in fatty acid utilization in both sexes and blunted the expected differences between genotypic females and and males at 60 d. Thus, cells from imlmatuire males and from castrated 60-d males were similar in all respects, whereas cells from castrated 60-d females differed from 30-d female cells only in that incorporation into phospholipids was greater in the former. Furthermore, although triglyceride biosynthesis, total esterification, and total utilization remained somewhat greater in cells from castrated 60-d females than males (P < 0.05), these sex differences were far less impressive and significant than those between intact 60-d controls (P < 0.001). were no significant sex differences in inicrosomal yield per gram liver, the sexes were similar in total activity of these enzymes as well. Although there were no important sex differences among 30-or 60-d rats, specific activities of acyl CoA synthetase, phosphatidate phosphohydrolase, and diglyceride acyl-transferase were 40-80% greater in the immature (30-d) animals, whereas the specific activity of glycerol-3-phosphate acyltransferase was -50% greater in the mature animals. It is impossible to draw from these comparisons any conclusions regarding the overall activities of the triglyceride pathway. Conceivably, however, differences in enzyme activity could contribute to the apparently "anomalous" behavior of immature hepatocytes with respect to [14C] oleate utilization and FABP concentration (see below). Binding characteristics of FABP, partially purified from 30-d female and male rat liver, were examined by Sephadex G-25 chromatography and, as indicated in Methods were not significantly different, and were essentially superimposable on those published previously for hepatic FABP from mature rats (2) . This suggested that FABP binding characteristics were similar in all groups and, therefore, that any differences observed in binding activity of the FABP fraction in whole cytosol could be taken to represent differences in FABP concentration rather than in binding affinity. On this basis, a binding assay was developed for the estimation of relative FABP concentrations in whole cytosol, and is described in detail in Methods.
Results for animals 30, 45 , and 60 d of age are shown in Fig. 7 . It can be seen that cytosolic FABP concentrations were similar in 30-d females and males. Previously observed differences between the sexes at maturity (2) were confirmed and were found by this improved assay to be highly significant (P < 0.001). Furthermore, there was a statistically significant maturational increase in cytosolic FABP concentration in both sexes; this increase was substantial in females (78%, P < 0.001), but relatively modest in males (36%, P < 0.001). Significant sex differences were present only in the 60-d rats. Yields of cytosolic protein were similar in adult females and males (88.9±+1.7 vs. 90.8±+1.5 ,ug/g tissue, respectively); yields were somewhat lower in 30-d animals (76.7±+1.5 vs 81.9 +2.5 ,ug/g), but as with adults the sexes were similar.
In a final series of experiments, the influence of sex steroids on hepatic FABP concentration was examined in rats castrated at 30 d and treated as described above with no hormone, estradiol, or testosterone, over the ensuing 30 d. Duplicate assays were performed at 60 d for each animal; 20 nmol ligand were added, because virtually all binding to FABP undler these conditions is attributable to the saturable process (Fig. 2) . The results are shown in Fig. 8 7 (female); n = 9 (male); n = 3 (female + E); n = 4 (male + E, female + T, male + T).
inhiibitory, estradiol stimulatory) demonstrated only in animals of the genotypic sex in which that sex steroid is not normally predominant.
The hepatic FABP concentrations shown in Fig. 8 are graphically related to the values in the corresponding experimiienital groups for hepatocyte incorporation of ["4C]oleate into triglycerides (Fig. 5) . This comnparison is shown in Fig. 9 The differences between adult (60-d) females and males were prevented or blunted by castration at age 30 d; cells from these castrated "adults" did not differ significantly from cells from immature animals of the sanme genotypic sex. However, if the animals received estradiol or testosterone during the 30 d after castration, the patterns of fatty acid utilization in their hepatocytes were generally similar to those of cells from intact adult females and males, respectively, regardless of the sex of the castrated animal to which the hormone had been administered.
In these studies, standard-dose estradiol appeared to have a lesser effect on hepatocytes from female castrates than from male castrates, whereas the sexes did not differ in response to high-dose estradiol. The basis for this sex difference in estradiol dose response is not known, buit it could reflect differences in hepatic receptors (15) or the effects of nongonadal sex steroids.
It remains uinclear whether the observed effects reflect direct sex steroid interaction with the liver cell, or are secondary to extrahepatic hormonal and metabolic responses. Either or both mechanisms may be involved. Evidenice for a direct effect of estrogen on the liver cell includes the finding that estradiol induces the synthesis of VLDL apoprotein messenger RNA (16) (17) (18) . Estrogens also appear to increase directly the hepatic synthesis of other proteins (19) , to bind to liver suirface membrane receptors (20) , and to induce changes in liver surface membrane properties (20) (21) (22) , and bile secretion (23) . Estrogens also influence lipid metabolism in rat hepatocyte cuiltures (24) .
Estrogens also may modulate liver function indirectly, however. For example, pharmacologic doses of estradiol increase rat portal venous insulin:glucagon ratios, associated with increased activity of hepatic lipogenic enzymes (25) . Thus, estrogens may increase the availability of newly synthesized fatty acids as well as FFA uptake from plasma. On the other hand, it seems unlikely that sex differences in hepatocyte FFA utilization are mediated solely through insulin and/or glucagon because these differences persist in hepatocytes from fasted rats (2) .
Despite uncertainties as to whether they are direct or indirect, accumulating evidence indicates that, although sex steroids influence rates of triglyceride removal from plasma (26) (27) (28) (29) , their effects on plasma lipid concentrations are mediated to a large extent via changes in hepatic lipoprotein production (26, (30) (31) (32) (33) (34) (35) . Furthermore, it is clear that an increased hepatic VLDL secretion rate can be sustained only if there is a corresponding increase in the availability of long-chain fatty acids. The absence of consistent sex hormone effects on plasma FFA concentration and turnover (31) suggests that the sex steroid effect on fatty acid availability must be mediated largely or exclusively via mechanisms intrinsic to the liver cell.
In these and in previously reported studies (2) , cellular mechanisms by which an increase in the availability of fatty acid might be mediated have been investigated. In neither adult nor immature animals were there substantial sex differences in the activity of enzymes in the triglyceride pathway. However, the estimated concentration of FABP in liver is significantly greater in adult females than males, and correlates closely with total [14C]oleate utilization and incorporation into triglycerides by hepatocytes in a variety of experimental conditions. Only hepatocytes from immature animals deviate from this correlation, and do so in a manner indicating that net fatty acid entry into the cell and the triglyceride pathway is greater than would be predicted from the relationship between fatty acid utilization and FABP concentration in the older animals. The basis for this difference is not known; it could reflect in part the observed differences in microsomal enzyme activities. Whatever its mechanism, however, it appears independent of gonadal steroids, because fatty acid utilization by hepatocytes from 60-d castrates that had not received hormones was related to FABP concentration in a manner similar to that of intact and hormone-treated adult rats (Fig. 9) .
In addition to providing further evidence in support of the concept that sex differences in hepatic fatty acid utilization are associated with corresponding differences in estimated hepatic FABP concentration, the present studies demonstrate that hepatic FABP responds to hormonal influences. Thus, in all groups in which endogenous or exogenous estradiol was the dominant hornone, estimated FABP concentration was greater than in those groups in which testosterone predominated. The mechanism of this effect remains to be determined. As The mechanism by which FABP might influence hepatocyte fatty acid utilization and triglyceride biosynthesis has been considered previously in some detail (6) . It is clear that FABP increases the activity of a number of the enzymes of the triglyceride pathway (6, (36) (37) (38) (39) , but it remains to be determined whether FABP also acts as a fatty acid "carrier."
It is also conceivable that the changes in FABP concentration are the result, rather than the cause, of changes in cellular fatty acid flux rates. A primary influence of fatty acid flux probably accounts for the response of intestinal mucosal FABP concentration in rats to dietary fat content (38) , and warrants investigation in the present instance. Consistent with this alternative interpretation, we have recently obtained evidence for a saturable interaction between the fatty acid-albumin complex and the liver cell, implying the possible participation of a surface membrane receptor in the observed sex differences (40, 41) .
In demonstrating the important influence of sex steroids on the net entry offatty acids into the hepatocyte and the pathway of triglyceride biosynthesis, and on hepatic FABP concentrations, these studies raise the possibility that the recognized clinical effects of several of these agents on plasma lipoprotein concentrationis may be mediated to a large extent at this level. These clinical effects include increased plasma triglyceridle levels associated with pharmacological estrogen treatment, oral contraceptive administration, and pregnancy (42) (43) (44) , and the decreased levels produced by androgenis and progestational agents including norethindrone (45) and oxandrolone (46) . Additional studies in this important area may be expected to further clarify the determinants of hepatic fatty acid uptake and utilization, and may have therapeutic implicatioins as well.
